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1
METHOD OF INHIBITING BINDING OR
ACTIVITY OF MIF BY ADMINISTERING A
MIF ANTAGONIST

This application is a Continuation of U.S. application Ser.
No. 12/781,546 filed May 17, 2010 (now issued as U.S. Pat.
No. 8,617,822), which is a Divisional of U.S. application Ser.
No. 11/931,442 filed Oct. 31, 2007 (now issued as U.S. Pat.
No. 7,741,057), which is a Continuation of U.S. application
Ser. No. 10/108,383 filed Mar. 29, 2002, now abandoned,
which claims priority from U.S. Provisional Application Ser.
No. 60/279,435 filed Mar. 29, 2001. The entireties of these
applications are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to methods and compositions
for using the MHC class 11 invariant chain polypeptide, Ii
(also known as CD74), as a receptor for macrophage migra-
tion inhibitory factor (MIF), including methods and compo-
sitions for using this receptor, as well as agonists and antago-
nists of MIF which bind to this receptor or which otherwise
modulate the interaction of MIF with CD74 or the conse-
queces of such interaction, in methods for treatment of con-
ditions characterized by locally or systemically altered MIF
levels, particularly inflammatory conditions and cancer.

2. Background of the Technology

Macrophage migration inhibitory factor (MIF), the first
cytokine activity to be described, has emerged to be seen as a
critical regulator of the innate and adaptive immune
response’ >, MIF is encoded by a unique gene, and crystalli-
zation studies have shown MIF to define a new protein fold
and structural superfamily®. Despite the fact that the biologi-
cal activity attributed to MIF first was described almost 30
years ago, information regarding MIF’s precise role in cell
physiology and immunity has emerged only recently’'%.
MIF is centrally involved in macrophage and T cell activation
and in the development of septic shock, arthritis, and other
inflammatory conditions. Also, MIF has been linked to can-
cer’?.

MIF is critically involved in the expression of innate and
acquired immunity. MIF is released by a variety of cell types
and is a necessary factor for the activation or proliferative
responses of macrophages'®, T cells®, and fibroblasts”. MIF’s
mitogenic effects proceed via an autocrine/paracrine activa-
tion pathway involving the p44/p42 (ERK-1/2) mitogen-ac-
tivated protein kinase cascade’. MIF —/— mice are highly
resistant to endotoxic shock®, and immunoneutralization of
MIF confers protection against septic shock®® and a variety of
immuno-inflammatory pathologies such as delayed-type
hypersensitivity®®, arthritis®’, and glomerulonephritis®®.
MIF’s actions on cells also show a number of unique features.
These include a global, counter-regulatory action on gluco-
corticoid-induced immunosuppression®®, the induction of a
sustained pattern of ERK-1/2 activation’, and functional
antagonism of p53-dependent apoptosis®.

MIF’s pro-inflammatory properties have been linked to its
capacity to counter-regulate the immunosuppressive effects
of glucocorticoids®, and its interactions with cells have been
presumed to require a receptor-based mechanism of action”®
or to reflect a specialized, intracellular mode of action’.
Numerous in vitro and in vivo studies have been consistent
with MIF acting by engagement of a cell surface receptor,
however lack of progress toward the identification of candi-
date receptors has prompted interest in either specialized,
intracellular modes of action or the potential biological role
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of MIF’s tautomerase activity>>'. There also is evidence that
MIF may function as an isomerase®.

The MHC class II-associated invariant chain, Ii (CD74)"°,
has been established to play an important role in the process-
ing and transport of MHC class Il proteins from the endoplas-
mic reticulum to the Golgi'®. Most Ii dissociates from the
class I complex as antigenic peptides load onto their class 11
binding sites. Approximately 2-5% of total cellular i also is
expressed on the cell surface'”, where it has been shown to
function as an accessory molecule for T cell activation'!. Ti
has been previously implicated in signaling and accessory
functions for immune cell activation'!-'3.

U.S. Pat. No. 5,559,028 to Humphreys, et al. discloses gene
constructs for expression of wild type and mutant Ii chains in
recombinant cells. U.S. Pat. No. 5,726,020 to Humphreys, et
al. discloses and claims expressible reverse gene constructs
and oligonucleotides that hybridize with an Ii mRNA mol-
ecule, thereby inhibiting translation of the Ii mRNA mol-
ecule.

SUMMARY OF THE INVENTION

The invention is based in part upon the identification, uti-
lizing expression cloning and functional analyses, that the
Class Il-associated invariant chain polypeptide, Ii (or
CD74)"°, is a cellular receptor for MIF. Thus, MIF binds to
the extracellular domain of Ii, a Type Il membrane protein,
and Ii is required for MIF-induced cell activation and/or phe-
notypic changes including, for instance, signaling via the
extracellular signal-related kinase (ERK)-1/2MAP kinase
cascade and cell proliferation. The inventive relationship pro-
vides a mechanism for MIPs activity as a cytokine and iden-
tify it as a natural ligand for Ii, which has been previously
implicated in signaling and accessory functions for immune
cell activation.

Accordingly, one aspect of the present invention relates to
methods for screening compounds to identify positive or
negative modulators of MIF binding to, or activity in connec-
tion with binding to, CD74. In a first instance, such a method
comprises a biochemical (i.e., acellular) binding assay, com-
prising: contacting an MHC class II invariant chain (Ii)
polypeptide with MIF in the presence and absence of a test
compound, and comparing the binding interaction of the MIF
and Ii polypeptides in the presence of the test compound with
their interaction in the absence of the test compound, whereby
a compound that positively modulates the interaction of MIF
with the Ii polypeptide is identified as an enhancer of MIF
binding activity and a compound that negatively modulates
the interaction of MIF with the Ii polypeptide is identified as
an inhibitor of MIF binding activity. Enhancers so identified
are candidate therapeutic agonists or enhancers of MIF,
whereas inhibitors so identified are candidate therapeutic
antagonists of MIF. For instance, a test compound may rein-
force the binding of MIF to the Ii polypeptide (i.e., increase
the affinity of the interaction) and thereby enhance the inter-
action of MIF and the Ii polypeptide. Such an enhancer is
thereby identified as an agonist or enhancer of MIF, and is
identified as a candidate therapeutic agent to enhance, inde-
pendently or in connection with endogenous or exogenous
MIF, MIF effects in subjects requiring such augmentation.
Alternatively, a test compound that competes with MIF for
binding to the Ii polypeptide or otherwise inhibits the inter-
action of the MIF with the Ii polypeptide is identified as an
antagonist of MIF, and is identified as a candidate therapeutic
agent to antagonize MIF effects in subjects requiring such
antagonism. In this biochemical binding assay, the Ii
polypeptide comprises the complete Ii sequence or an MIF-
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binding fragment thereof, and the assay is conveniently con-
ducted with recombinantly prepared MIF and Ii peptides, one
of'which is optionally immobilized to a solid support, and one
of'which (or a binding partner thereto, such as an antibody) is
labeled to facilitate detection and measurement of the MIF:Ii
binding interaction.

In a second aspect, the binding assay may be a cellular
binding assay, comprising CD74 expressed (either normally
or as a consequence of genetic engineering for Ii expression)
by a cell (prokaryotic or eukaryotic), typically on the cell
surface, and MIF binding thereto is detected and measured in
the presence or absence of a test compound. As in the above
described biochemical or acellular assay, a comparison is
made of the binding interaction of the MIF and the cell-
displayed li polypeptide in the presence of the test compound
with their interaction in the absence of the test compound,
whereby a compound that positively modulates the interac-
tion of MIF with the Ii polypeptide (i.e., increases their affin-
ity) is identified as an enhancer of MIF binding activity and a
compound that negatively modulates the interaction of MIF
with the Ii polypeptide (i.e., decreases their affinity) is iden-
tified as an inhibitor of MIF binding activity. Enhancers so
identified are candidate therapeutic agonists or enhancers of
MIF, whereas inhibitors so identified are candidate therapeu-
tic antagonists of MIF.

In a third aspect, the cellular assay is a signaling assay, in
which the activity of an intracellular signaling cascade is
measured before and after MIF is contacted to cell-displayed
CD74 polypeptide, either in the presence or the absence of a
test compound. Preferably, the signaling assay is an ERK-1/2
activation assay. A test compound that positively modulates
the signaling activity of MIF via interaction with the Ii
polypeptide is identified as an enhancer of MIF signaling
activity and a compound that negatively modulates the sig-
naling of MIF via interaction of MIF with the i polypeptide
is identified as an inhibitor of MIF signaling activity. Enhanc-
ers so identified are candidate therapeutic agonists or enhanc-
ers of MIF, whereas inhibitors so identified are candidate
therapeutic antagonists of MIF.

In a fourth aspect, the cellular assay is a cellular activity or
cell phenotype assay, in which the activity or phenotype of a
target cell is measured before and after MIF is contacted to
cell-displayed CD74 polypeptide, either in the presence or the
absence of a test compound. Preferably, the activity or phe-
notype assay is a proliferation assay or an assay for functional
antagonism of p53-dependent apoptosis. A test compound
that positively modulates the chosen cellular activity or phe-
notypic change mediated by MIF via interaction with the Ii
polypeptide is identified as an enhancer of MIF cellular activ-
ity and a compound that negatively modulates the chosen
cellular activity or phenotypic change mediated by MIF via
interaction with the Ii polypeptide is identified as an inhibitor
of MIF cellular activity. Enhancers so identified are candidate
therapeutic agonists or enhancers of MIF, whereas inhibitors
so identified are candidate therapeutic antagonists of MIF.

The invention also provides an enhancer of MIF, including
an agonist, or an inhibitor, including an antagonist of MIF,
identified by any of the methods above. One form of such an
agonist or antagonist would be an antibody or antigen-bind-
ing fragment thereof, such as an anti-CD74 antibody. Anti-
CD74 antibodies and CD74-binding fragments thereof are
known in the art. For instance, the anti-CD74 antibody may
be a monoclonal antibody and also may be a human, human-
ized or chimeric antibody, made by any conventional method.

Another aspect of the invention relates to a method of
inhibiting an effect of MIF on a cell comprising on its surface
an MHC class 11 invariant chain (Ii) polypeptide which binds
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MIF and thereby mediates the effect of MIF. This method
comprises: contacting the cell with an antagonist or other
inhibitor of MIF, where the antagonist or inhibitor inhibits, in
a first instance, binding of MIF to the Ii polypeptide; in a
second instance, signaling initiated by MIF:Ii interaction; and
in a third instance, a change in cellular activity, metabolism or
phenotype eftected by MIF:Ii interaction. In any of these
methods the antagonist or inhibitor may be an antibody or
fragment thereof which binds to the Ii polypeptide. Alterna-
tively, the inhibitor may be soluble Ii polypeptide or a soluble
MIF-binding fragment thereof which inhibits the interaction
of MIF and Ii polypeptide (or the cellular consequences of
such interaction) by binding to MIF or by interacting with Ii
polypeptide on the surface of a cell. In some cases, the cell
comprising Ii polypeptide is present in a mammal and the
antagonist or other inhibitor is administered to the mammal in
apharmaceutical composition. A mammal that would benefit
from this method is a mammal suffering from a condition or
disorder characterized by MIF levels locally or systemically
elevated above the normal range found in mammals not suf-
fering from such a condition. In such a case, the antagonist or
inhibitor is administered in an amount effective to treat the
condition or disorder. For instance, the mammal may be suf-
fering from cancer or an inflammatory disorder, and the
antagonist or inhibitor is administered in an amount effective
to treat the cancer or inflammatory disorder. The inflamma-
tory disorder may be, for instance, septic shock or arthritis.

More particularly, one aspect of the invention is a method
of inhibiting an activity of MIF, which method comprises:
contacting MIF with an MHC class 1l invariant chain (Ii)
polypeptide or a fragment thereof which binds to MIF. The
fragment of the MHC class II invariant chain (Ii) polypeptide
which binds to MIF may be a soluble form of the polypeptide,
particularly a soluble form that comprises the extracellular
binding domain of this type Il transmembrane polypeptide. In
some cases, the MIF to be inhibited is in a mammal and the Ii
polypeptide or a fragment thereof is administered to the mam-
mal in a pharmaceutical composition. Where the mammal
suffers from cancer or an inflammatory disorder, such as
septic shock or arthritis, the Ii polypeptide or fragment
thereof is administered in an amount effective to treat the
disorder. In a further instance, the MIF antagonist or inhibitor
is administered in an amount effective to treat an infectious
disease, in which disease MIF or a polypeptide evolutionarily
related to MIF (as evidenced by sequence homology) deriv-
ing from the infecting pathogen (whether a virus, bacterial,
fungus, or especially, a parasite) is present locally, systemi-
cally, or at the host:pathogen interface.

Yet another aspect of the invention relates to a method of
puritying MIF comprising: contacting a sample comprising
MIF with an MHC class II invariant chain (Ii) polypeptide or
a fragment thereof which binds to MIF, under conditions that
promote the specific binding of MIF to the Ii polypeptide or
fragment thereof, and separating the MIF:Ii polypeptide com-
plex thereby formed from materials which do not bind to the
Ii polypeptide or fragment thereof. In this method, the Ii
polypeptide may be immobilized on a solid support matrix.
The invention also provides a method of assaying for the
presence of MIF comprising: contacting a sample with an
MHC class 11 invariant chain (Ii) polypeptide or a fragment
thereof which binds to MIF under conditions that promote the
specific binding of MIF to the Ii polypeptide or fragment
thereof, and detecting any MIF:Ii polypeptide or MIF:Ii
polypeptide fragment complex thereby formed.

Still another method provided by the invention is a method
for reducing an effect of MIF on a cell comprising on its
surface an MHC class II invariant chain (Ii) polypeptide or
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fragment thereof which binds MIF and thereby mediates the
effect of MIF. This method comprises: providing to the cell an
antisense nucleic acid molecule in an amount effective to
reduce the amount of Ti polypeptide produced by the cell. The
antisense nucleic acid molecule specifically binds to a portion
of mRNA expressed from a gene encoding the MHC class 11
invariant chain (Ii) polypeptide and thereby decreases trans-
lation of the mRNA in the cell and, ultimately, the level of Ii
polypeptide on the surface of the cell. In this method the cell
comprising the Ii polypeptide may be in a mammal, for
instance, a mammal suffering from a condition or disorder
characterized by MIF levels locally or systemically elevated
above the normal range in mammals not suffering from such
a condition or disorder. For instance, the mammal may be
suffering from a cancer or an inflammatory disorder, such as
septic shock or arthritis. In such a case, the antisense nucleic
acid is administered in a pharmaceutical composition, in an
amount effective to treat the condition or disorder.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates high affinity binding of MIF to THP-1
monocytes. a, Alexa-MIF shows full retention of dose-depen-
dent MIF biological activity as assessed by activation of the
p44/p42 (ERK-1/2) MAP kinase cascade, visualized by west-
ern blotting of cell lysates using antibodies specific for phos-
pho-p44/p42 or total p44/p42; and b, suppression of p53-
dependent apoptosis induced by serum starvatuin (CM:
complete medium, SFM: serum-free medium). MIF or Alexa-
MIF were added at 50 ng/ml. Data shown are Mean+SD of
triplicate wells and are representative of 3 independent
experiments. Further evidence for the retention of native
structure by Alexa-conjugation was provided by the measure-
ment of MIF tautomerase activity using L-dopachrome
methyl ester as substrate®>. No difference in the tautomerase
activity of Alexa-MIF versus unconjugated MIF was
observed (Alexa-MIF: AOD,,s=0.275 sec™' ng™" protein,
versus rMIF: AOD,,s=0.290 sec™' ug™'; P=NS) c, Flow
cytometric analysis shows the binding of Alexa-MIF to
THP-1 monocytes is markedly enhanced by IFN-9 treatment.
Competition for Alexa-MIF binding was performed in the
presence of 1 pg/mlunlabeled, rMIF d, Direct visualization of
Alexa-MIF binding to THP-1 monocytes by confocal micros-
copy THP-1 cells were grown on cover slips, incubated with
INFy (1 ng/ml) for 72 hrs and stained with Alexa-MIF (left
panel) or Alexa-MIF plus excess, unlabeled rMIF (right
panel). Cell bound Alexa-MIF was rapidly internalized upon
shifting cells from 4° to 37° for 15 mins (right panel). Mag-
nification: 630xe, Binding characteristics of Alexa-MIF to
IFNy-activated, THP-1 monocytes. The inset shows the bind-
ing data transformed by Scatchard analysis, indicating two
distinct binding activities; one with K ~=3.7x10~* m the other
with K ~3.5x10°, data are representative of 3 independent
experiments.

FIG. 2 show that Ii is a cell surface binding protein for MIF
a, Sequential cycles of fluorescence-activated cell-sorting of
COS-7 cell transtectants shows enrichment for MIF binding
activity b, Diagrams indicating structure of Ii (35 kDa iso-
form), and three of ten representative cDNA clones with MIF
binding activity. IC, TM, and EC are the intracellular, trans-
membrane, and extracellular domains. M1 and M17 refer to
two sites of alternative translation initiation. ¢, Flow cytom-
etry analysis of MIF binding to li-expressing cells. Enhanced
binding of Alexa-MIF to li-transfected versus control vector-
transfected COS-7 cells (left panel), inhibited binding of
Alexa-MIF to li-transfected COS-7 cells incubated with anti-
Ii mAb (clone LN2) versus an isotypic mAb control (con
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mAb) (middle panel), and enhanced binding of Alexa-MIF to
IFNy-stimulated, THP-1 monocytes incubated with anti-Ii
mAb (clone LN2) versus an isotypic mAb control (right
panel). The data shown are representative of at least three
independent experiments. The anti-li mAb, LN2 (PharMin-
gen), is reactive with an epitope residing within 60 amino
acids of the extracytoplasmic, C-terminus of the protein d,
MIF binds to the extracellular domain of Ii in vitro. [>*S]-Ti
protein was prepared in a coupled transcription and transla-
tion reaction utilizing plasmids encoding Ii fragments of dif-
ferent lengths. Protein-protein interaction was assessed by
measuring bound radioactivity in 96-well plates that were
pre-coated with MIF (n=6 wells per experiment). The data
shown are representative of three experiments, showing that
MIF binding is severely compromised with vectors express-
ing Ii fragments of amino acids 1-72 or 1-109 versus robust
binding with vectors expressing i fragments of amino acids
1-149 or 1-232 (full-length).

FIG. 3 illustrates Ii mediation of MIF stimulation of ERK-
1/2 (p44/p42) phosphorylation in COS-7 cells a, ERK-1/2
phosphorylation is induced by MIF in COS-7 cells trans-
fected with Ii vector (COS-7/1i) or control vector (COS-7/V).
Cells were treated without or with various doses of rMIF for
2.5 hrs and analyzed for phospho-p44/p42 and total p44/p42
by western blotting b, There is dose-dependent inhibition of
MIF-induced ERK-1/2 phosphorylation by anti-li mAb.
COS8-7 cells were transfected with an Ii vector and stimulated
with 50 ng/ml MIF for 2.5 hrs in the presence of an isotypic
control mADb or an anti-Ii mAb (clone LN2) at different doses.
In control experiments, anti-Ii showed no effect on ERK-1/2
phosphorylation in the absence of added MIF (data not
shown).

FIG. 4 illustrates western blots of MIF-induced phospho-
rylation a, MIF dose dependently stimulates ERK-1/2 (p44/
p42) phosphorylation in human Raji B cells, as visualized by
western blotting for phospho-p44/p42 b, There is inhibition
of MIF-induced ERK-1/2 phosphorylation in Raji cells by
anti-li mAb also. Raji cells were stimulated with 50 ng/ml of
MIF for 2.5 hrs in the presence of an isotype control antibody
(ConAb) or the two anti-Ii mAbs, —B741 or LN?, each added
at 50 ng/ml. ¢, Anti-li inhibits MIF-induced Raji cell prolif-
eration quantified by *H-thymidine incorporation d, Anti-Ii
inhibits MIF-induced proliferation of human fibroblasts also.
Antibodies were added to a final concentration of 50 pg/ml.
The results shown are the Mean+SD of triplicate assays and
are representative of at least three separate experiments. Anti-
1i antibodies showed no effect on cell proliferation in the
absence of added MIF (data not shown).

FIG. 5 shows the complete nucleotide sequence (SEQ ID
NO: 1) and longest translated amino acid sequence (begin-
ning at nt 8; SEQ ID NO:2) of the human mRNA for the Ii
polypeptide (HLA-DR antigens associated invariant chain
p33 [GenBank Accession Nr. X00497 M14765]), as reported
in Strubin, M. et al., The complete sequence of the mRNA for
the HLLA-DR-associated invariant chain reveals a polypeptide
with an unusual transmembrane polarity. EMBO J., 3, 869-
872 (1984).

DETAILED DESCRIPTION

The following abbreviations are used herein: Alexa-MIF:
Alexa 488-MIF conjugate, ERK: extracellular-signal-regu-
lated kinase, MHC class Il-associated invariant chain
(CD74), INFy: interferon-y, mAb: monoclonal antibody,
MIF: macrophage migration inhibitory factor.

Utilizing expression cloning and functional analyses, we
have identified as a cellular receptor for MIF the Class II-
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associated invariant chain, Ii (CD74)'°. MIF binds to the
extracellular domain of i, a Type Il membrane protein, and Ii
is required for MIF-induced cellular effects, including for
instance, activation of the ERK-1/2 MAP kinase cascade and
cell proliferation. These data provide a mechanism for MIF’s
activity as cytokine and identify it as a natural ligand for Ii,
which has been previously implicated in signaling and acces-
sory functions for immune cell activation''"'*. We linked the
fluorescent dye Alexa 488'“ to recombinant MIF by standard
techniques, verified the retention of biological activity of the
conjugate (FIGS. 1A,B), and conducted binding experiments
with a panel of cell types known to respond to MIF. By way of
illustration, using flow cytometry, we observed high-affinity
binding of Alexa-MIF to the surface of the human monocytic
cell line, THP-1. This binding activity was induced by acti-
vation of monocytes with interferon-y (IFNy), and was com-
peted by the addition of excess, unlabeled MIF (FIG. 1C).
Confocal microscopy and direct visualization of IFNy-treated
monocytes at 4° C. showed surface binding of Alexa-MIF,
and cell-bound Alexa-MIF was internalized upon shifting
temperature to 37° C. (FIG. 1D). Quantitative binding studies
performed with increasing concentrations of Alexa-MIF
revealed two apparent classes of cell surface receptors (FIG.
1E). The higher affinity binding activity showed a K, of
3.7x10* M and 3.1x10* binding sites per cell, and the lower
affinity binding showed a K ;01 3.5x10"M and 4.9x10* sites
per cell.

To identity the MIF receptor, we prepared cDNA from
IFNy-activated THP-1 monocytes and constructed a mamma-
lian expression library in the lambdaZAP-CMV vector'®.
Library aliquots representing a total of 1.5x107 recombinants
were transfected into COS-7 cells, which we had established
previously to exhibit little detectable binding activity for MIF,
and the transfectants were analyzed by flow cytometry for
Alexa-MIF binding. Positively-staining cells were isolated
by cell sorting, and the cDNA clones collected, amplified, and
re-transfected into COS-7 cells for additional rounds of cell
sorting (FIG. 2A). After four rounds of selection, single colo-
nies were prepared in £. coli and 250 colonies were randomly
picked for analysis. We sequenced 50 clones bearing cDNA
inserts of =1.6 kB and observed that 10 encoded the Class
II-associated invariant chain, Ii (CD74), a 31-41 kD Type II
transmembrane protein'®. While the isolated clones differed
with respect to their total length, each was in the sense orien-
tation and encoded a complete extracellular and transmem-
brane domain (FIG. 2B).

To confirm that [i is a cell surface binding protein for MIF,
we analyzed the binding of Alexa-MIF to COS-7 cells trans-
fected with an Ii expression plasmid (FIG. 2C). Binding was
inhibited by excess, unlabeled MIF (data not shown), and by
ananti-lIi mAb directed against the extracellular portion of the
protein. Anti-Ii mAb also inhibited the binding of Alexa-MIF
to IFN-y stimulated THP-1 monocytes. The inhibition by
anti-Ii mAb of Alexa-MIF binding to THP-1 monocytes was
significant, but partial, consistent with the interpretation that
Ii represents one of the two classes of cell surface receptors
for MIF revealed by Scatchard analysis (FIG. 1E). [*>S]-Ii
protein prepared by a coupled transcription and translation
reticulocyte lysate system bound to MIF in vitro, and the
principal binding epitope was localized to a 40 amino acid
region contained within the Ii extracellular domain (FIG. 2D).

To verify the functional significance of MIF binding to Ii in
an exemplary system, we examined the activity of MIF to
stimulate ERK-1/2 activation and cellular proliferation in
different li-expressing cells. We observed an MIF-mediated
increase, and a dose-dependent, anti-li mAb-mediated
decrease, in ERK-1/2 phosphorylation in li-transfected
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COS-7 cells (FIG. 3). Irrespective of i gene transfection
however, we could not detect any proliferative effect of MIF
on this monkey epithelial cell line (data not shown). We then
examined the activity of MIF to induce ERK-1/2 activation
and downstream proliferative responses in the human Raji B
cell line, which expresses a high level of Ii*®. MIF stimulated
the phosphorylation of ERK-1/2 in quiescent Raji cells, and
each of two anti-Ii mAbs blocked this stimulatory effect of
MIF (FIGS. 4A,B). Of note, the inhibitory effect of anti-li on
ERK-1/2 phosphorylation was associated with a significant
decrease in the MIF-stimulated proliferation of these cells
(FIG. 4C). Additionally, we confirmed the role of the MIF-Ii
stimulation pathway in cells outside the immune system. MIF
extends the lifespan of primary murine fibroblasts®, and both
MIF’s mitogenic effects and its induction of the ERK-1/2
signal transduction cascade have been best characterized in
this cell type”. Fibroblasts express low levels of 1i*°, and we
observed that anti-Ii significantly inhibited both ERK-1/2
phosphorylation and the mitogenic effect of MIF on cultured
fibroblasts (FIG. 4D and data not shown).

In prior experiments, we have experienced considerable
difficulty in preparing a bioactive, '**I-radiolabelled MIF,
and have observed the protein to be unstable to the pH con-
ditions employed for biotin conjugation. By contrast, modi-
fication of MIF by Alexa 488 at a low molar density produced
a fully bioactive protein which enabled identification of MIF
receptors on human monocytes, and the expression cloning of
Ii as a cell surface MIF receptor. These data significantly
expand our understanding of Ii outside of its role in the
transport of class II proteins, and support recent studies which
have described an accessory signaling function for li in B and
T cell physiology*®*3.

These findings provide a first insight into the long sought-
after MIF receptor, although additional proteins are likely
involved in some MIF-mediated activities. For instance, like
MIF, i is a homotrimer®, and the Ii intracellular domain
consists of 30-46 amino acids, depending on which of two
in-phase initiation codons are utilized'®. Monocyte-encoded
1i has been shown to enhance T cell proliferative responses,
and this accessory function of Ii has been linked to a specific,
chondroitin-sulphate-dependent interaction between Ii and
CD44'. We have observed an inhibitory effect of anti-CD44
on ERK-1/2 phosphorylation, but not MIF binding, in Ii-
expressing cells. This is consistent with the inference that
MIF-bound Ii is a stimulating ligand for CD44-mediated
MAP kinase activation. CD44 is a highly polymorphic Type |
transmembrane glycoprotein®®, and CD44 likely mediates
some of the downstream consequences of MIF binding to Ii.

Interference in the signal transduction pathways induced
by MIF-Ii interaction, for instance by providing antagonists
or inhibitors of MIF-Ii interaction, offers new approaches to
the modulation of cellular immune and activation responses
to MIF. Agents active in this regard (agonists and antagonists
and other inhibitors) have predicted therapeutic utility in dis-
eases and conditions typified by local or systemic changes in
MIF levels.

The specific binding interaction between MIF and the class
II invariant chain polypeptide, Ii, also makes convenient the
use of labeled MIF reagents as “Trojan horse-type” vehicles
by which to concentrate a desired label or toxin in cells
displaying cell surface Ii. Briefly, a desired label or toxic
entity is associated with an MIF ligand (for instance, by
covalent attachment), and the modified MIF ligand then is
presented to cells displaying cell surface-localized Ii, which
class II invariant chain polypeptide binds to and causes the
internalization of the modified MIF ligand, thus causing the
operative cell to become specifically labeled or toxicated. The
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li-displaying cells may be exposed to the modified MIF
ligand in vitro or in vivo, in which latter case li-displaying
cells may be specifically identified or toxicated in a patient. A
wide variety of diagnostic and therapeutic reagents can be
advantageously conjugated to an MIF ligand (which may be
biologically active, full length MIF or an li-binding fragment
thereof, or a mutein of either of the preceding and particularly
such a mutein adapted to be biologically inactive and/or to be
more conveniently coupled to a labeling or toxicating entity),
providing a modified MIF ligand of the invention. Typically
desirable reagents coupled to an MIF ligand include: chemo-
therapeutic drugs such as doxorubicin, methotrexate, taxol,
and the like; chelators, such as DTPA, to which detectable
labels such as fluorescent molecules or cytotoxic agents such
as heavy metals or radionuclides can be complexed; and
toxins such as Pseudomonas exotoxin, and the like.

METHODS

MIF and Antibodies.

Human recombinant MIF was purified from an E. coli
expression system as described previously> and conjugated
to Alexa 488'* by the manufacturer’s protocol (Molecular
Probes, Fugene Oreg.). The average ratio of dye ligand to
MIF homotrimer was 1:3, as determined by matrix-assisted
laser-desorption ionization mass spectrometry (Kompact
probe/SEQ, Kratos Analytical Ltd, Manchester, UK). Anti-
human i monoclonal antibodies (clones LN2 and M-B741)
were obtained from PharMingen (San Jose Calif.).

Flow Cytometry, Scatchard Analysis, and Confocal
Microscopy. THP-1 cells (2.5x10° cells/ml) were cultured in
DMEM/10% FBS with or without IFNy (1 ng/ml, R&D Sys-
tems, Minneapolis, Minn.) for 72 hrs. After washing, 5x10°
cells were resuspended in 0.1 ml of medium and incubated
with 200 ng of Alexa-MIF at 4° C. for 45 mins. The cells then
were washed with ice-cold PBS (pH 7.4) and subjected to
flow cytometry analysis (FACSCalibur, Becton Dickinson,
San Jose, Calif.). In selected experiments, THP-1 monocytes
or COS-7 transfectants were incubated with Alexa-MIF
together with 50 pg/ml of an anti-li mAb or an isotypic
control mAb. For Scatchard analysis, triplicate samples of
IFNy-treated, THP-1 cells (1x10°%) were incubated for 45
mins at4° C. in PBS/1% FBS together with Alexa-MIF (0-1.5
M, calculated as MIF trimer), washed 3x with cold PBS/1%
FBS, and analyzed by flow cytometry using CellQuest Soft-
ware (Becton Dickinson, San Jose, Calif.)**. The specific
binding curve was calculated by subtracting non-specific
binding (measured in the presence of excess unlabeled MIF)
from total binding. Confocal fluorescence microscopy of
Alexa-MIF binding to cells was performed with an LSM 510
laser scanning instrument (Carl Zeiss, Jena Germany). THP-1
cells were incubated with INFy for 72 hrs and washed 3x with
PBS/1% FBS prior to staining for 30 mins (4° C.) with 2 ng/ul
of Alexa-MIF, or Alexa-MIF plus 50 ng/ul unlabeled, rMIF.

c¢DNA Library Construction, Expression, and Cell Sorting.

c¢DNA was prepared from the poly(A)" RNA of IFNy-
activated, THP-1 monocytes, cloned into the lambdaZAP-
CMYV vector (Stratagene, La Jolla, Calif.), and DNA aliquots
(2.5 pg/ml) transfected into 15x10° COS-7 cells by the
DEAE-dextran method®®. The transfected cells were incu-
bated with Alexa-MIF for 45 min at 4° C., washed, and the
positively-staining cells isolated®’ with a Moflo cell sorter
(Cytomation, Fort Collins, Colo.). In a typical run, 1.5x10”
cells/ml were injected and analyzed at a flow rate of 1x10*
cells/sec. Recovery was generally 90%. Plasmid DNA was
extracted from sorted cells using the Easy DNA kit (Invitro-
gen, Carlsbad, Calif.) and transformed into E. coli XL-10
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gold (Stratagene, La Jolla, Calif.) for further amplification.
Purified plasmid DNA then was re-transfected into COS-7
cells for further rounds of sorting. After 4 rounds of cell
sorting, 250 single colonies were picked at random and the
insert size analyzed by PCR. Clones with inserts >1.6 Kb
were individually transfected into COS-7 cells and the MIF
binding activity re-analyzed by flow cytometry.

In Vitro Transcription and Translation.

Using a full-length Ii cDNA clone as template, three trun-
cated (1-72aa, 1-109aa, 1-149aa) and one full-length (1-232
aa) Ii product were generated by PCR and subcloned into the
pcDNA 3.1/V5-HisTOPO expression vector (Invitrogen).
The complete nucleotide sequence of an exemplary Ii cDNA
clone and the putative Ii polypeptide forms that it encodes are
presented in FIG. 5. The fidelity of vector construction was
confirmed by automated DNA sequencing and the constructs
then used as template for coupled transcription and transla-
tion using the TNT Reticulocyte Lysate system (Promega,
Madison Wis.). The binding of [>*S]-labeled Ii to immobi-
lized MIF was assessed by a 3 hr incubation at room tempera-
ture, as recommended by the TnT protocol.

Activity Assays.

The dose-dependent phosphorylation of ERK-1/2 was
measured by western blotting of cell lysates using specific
antibodies directed against phospho-p44/p42 or total p44/p42
following methods described previously’. MIF-mediated
suppression of apoptosis was assessed in serum-deprived,
murine embryonic fibroblasts by immunoassay of cytoplas-
mic histone-associated DNA fragments (Roche Biochemi-
cals, Indianapolis, Ind.)®. Proliferation studies were per-
formed by a modification of previously published
procedures”®. Human Raji B cells (American Type Tissue
Culture, Rockville, Md.) were cultured in RPMI/10% FBS,
plated into 96 well plates (500-1000 cells/well), and rendered
quiescent by overnight incubation in RPMI/0.5% serum. The
cells were washed, the RPM1/0.5% serum replaced, and the
MIF and antibodies added as indicated. After an additional
overnight incubation, 1 uCi of [*H]-thymidine was added and
the cells harvested 12 hrs later. Fibroblast mitogenesis was
examined in normal human lung fibroblasts (CCL210,
American Type Tissue Culture) cultured in DMEM/10%
FBS, resuspended in DMEM/2% serum, and seeded into 96
well plates (150 cells/well) together with rMIF and antibodies
as shown. Isotype control or anti-li mAbs were added at a
final concentration of 50 pg/ml. Proliferation was assessed on
Day 5 after overnight incorporation of [*H]-thymidine into
DNA.

As will be apparent to a skilled worker in the field of the
invention, numerous modifications and variations of the
present invention are possible in light of the above teachings.
It is therefore to be understood that the invention may be
practiced otherwise than as specifically described herein.
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All publications and patent applications mentioned in the

specification are herein incorporated by reference to the same

extent as if each individual publication or patent application
had been specifically and individually indicated to be incor-
porated by reference. The discussion of the background to the
invention herein is included to explain the context of the
invention. Such explanation is not an admission that any of
the material referred to was published, known, or part of the
prior art or common general knowledge anywhere in the
world as of the priority date of any of the aspects listed above.

While the invention has been described in connection with
specific embodiments thereof, it will be understood that it is
capable of further modifications and that this application is
intended to cover any variations, uses, or adaptations of the
invention following, in general, the principles of the invention
and including such departures from the present disclosure as
come within known or customary practice within the art to
which the invention pertains and as may be applied to the
essential features hereinbefore set forth.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 2
<210>
<211>
<212>
<213>
<220>
<221>
<222>

SEQ ID NO 1

LENGTH: 1304

TYPE: DNA

ORGANISM: Homo sapiens
FEATURE:

NAME/KEY: CDS
LOCATION: (8)...(703)
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-continued
<400> SEQUENCE: 1
ttcccag atg cac agg agg aga agce agg agce tgt cgg gaa gat cag aag 49
Met His Arg Arg Arg Ser Arg Ser Cys Arg Glu Asp Gln Lys
1 5 10
cca gtce atg gat gac cag cgc gac ctt atc tec aac aat gag caa ctg 97
Pro Val Met Asp Asp Gln Arg Asp Leu Ile Ser Asn Asn Glu Gln Leu
15 20 25 30
cce atg ctg gge cgg cge cct ggg goc ccg gag age aag tgce age cgce 145
Pro Met Leu Gly Arg Arg Pro Gly Ala Pro Glu Ser Lys Cys Ser Arg
35 40 45
gga gcc ctg tac aca ggc ttt tece ate ctg gtg act ctg ctec cte get 193
Gly Ala Leu Tyr Thr Gly Phe Ser Ile Leu Val Thr Leu Leu Leu Ala
50 55 60
gge cag gec acc acc gee tac tte ctg tac cag cag cag ggc cgg ctg 241
Gly Gln Ala Thr Thr Ala Tyr Phe Leu Tyr Gln Gln Gln Gly Arg Leu
65 70 75
gac aaa ctg aca gtc acc tee cag aac ctg cag ctg gag aac ctg cgce 289
Asp Lys Leu Thr Val Thr Ser Gln Asn Leu Gln Leu Glu Asn Leu Arg
80 85 90
atg aag ctt ccc aag cct ccc aag cct gtg age aag atg cgce atg gec 337
Met Lys Leu Pro Lys Pro Pro Lys Pro Val Ser Lys Met Arg Met Ala
95 100 105 110
acc ccg ctyg ctg atg cag gcg ctg cce atg gga gee ctg cce cag ggg 385
Thr Pro Leu Leu Met Gln Ala Leu Pro Met Gly Ala Leu Pro Gln Gly
115 120 125
cce atg cag aat gec acc aag tat gge aac atg aca gag gac cat gtg 433
Pro Met Gln Asn Ala Thr Lys Tyr Gly Asn Met Thr Glu Asp His Val
130 135 140
atg cac ctg ctc cag aat gct gac cce ctg aag gtg tac ccg cca ctg 481
Met His Leu Leu Gln Asn Ala Asp Pro Leu Lys Val Tyr Pro Pro Leu
145 150 155
aag ggg agc ttc ccg gag aac ctg aga cac ctt aag aac acc atg gag 529
Lys Gly Ser Phe Pro Glu Asn Leu Arg His Leu Lys Asn Thr Met Glu
160 165 170
acc ata gac tgg aag gtc ttt gag agc tgg atg cac cat tgg ctc ctg 577
Thr Ile Asp Trp Lys Val Phe Glu Ser Trp Met His His Trp Leu Leu
175 180 185 190
ttt gaa atg agc agg cac tcc ttg gag caa aag ccc act gac gct cca 625
Phe Glu Met Ser Arg His Ser Leu Glu Gln Lys Pro Thr Asp Ala Pro
195 200 205
ccg aaa gag tca ctg gaa ctg gag gac ccg tet tet ggg ctg ggt gtg 673
Pro Lys Glu Ser Leu Glu Leu Glu Asp Pro Ser Ser Gly Leu Gly Val
210 215 220
acc aag cag gat ctg ggce cca gte cce atg tgagagcagce agaggcggtce 723
Thr Lys Gln Asp Leu Gly Pro Val Pro Met
225 230
ttcaacatce tgccagecce acacagctac agetttettyg cteecttecag cccccagece 783
ctececcatyg tcoccacccetg tacctcatcee catgagacct ggtgectgge tetttegtcea 843
cccttgtaca agacaaacca agtcggaaca gcagataaca atgcagcaag gccctgetge 903
ccaatctcca tctgtcaaca ggggegtgag gteccaggaa gtggccaaaa gctagacaga 963
tcecegttee tgacatcaca gcagectcca acacaaggct ccaagaccta ggctcatgga 1023
cgagatggga aggcacaggg agaagggata accctacacc cagaccccag gctggacatg 1083
ctgactgtcce tctcecccctee agectttgge cttggetttt ctagectatt tacctgcagg 1143
ctgagccact ctcttcceett tecccagcat cactccccaa ggaagagcca atgttttgga 1203
cccataatcce tttctgccga cccctagtte cctetgetca geccaagcecttg ttatcagett 1263
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16

-continued

tcagggccat ggttcacatt agaataaaag gtagtaatta

<210>
<211>
<212>
<213>

SEQ ID NO 2

LENGTH: 232

TYPE: PRT

ORGANISM: Homo sapiens
<400> SEQUENCE: 2
Met His
1

Arg Arg Arg Ser Ser Glu Gln

5

Arg Cys Arg Asp

Met Gln

20

Ile Ser Asn Asn Glu Gln

25

Asp Asp Arg Asp Leu

Ala Glu Ser

45

Pro Ser

40

Leu Gly Arg Pro

35

Arg Gly Lys Cys

Thr Phe Ile

55

Val Thr Leu Leu

60

Leu Tyr Ser Leu Leu

50

Gly

Ala
65

Thr Thr Ala Phe

70

Gln Gln Gln

75

Tyr Leu Tyr Gly Arg

Thr Val Thr Gln Gln Leu Glu Asn Leu

90

Ser Asn Leu

85

Leu

Val Ser Met Met

105

Pro Pro Pro

100

Leu Pro Lys Lys Lys Arg

Met
115

Gln Ala Met

120

Ala Gln

125

Leu Leu Leu Pro Gly Leu Pro

Gln Asn Ala Thr Asn Met Thr Glu His

130

Lys Tyr Gly

135

Asp
140

Leu Leu Gln Asn Ala Pro Leu Val Pro Pro

145

Asp
150

Lys Tyr

155

Phe Glu Asn Leu His Leu Asn Thr Met

165

Ser Pro Arg Lys

170

Val
180

Phe Glu Met

185

Asp Trp Lys Ser Trp His His Trp Leu

Met Glu Gln

200

Thr Ala

205

Ser Arg His Ser Leu Pro

195

Lys Asp

Glu Glu Glu Leu

220

Ser Leu Leu Pro Ser Ser

210

Asp
215

Gly Gly

Gln
225

Val
230

Asp Leu Gly Pro Pro Met

Lys

Leu

30

Arg

Ala

Leu

Arg

Ala

110

Gly

Val

Leu

Glu

Leu

190

Pro

Val

1304

Pro Val

15

Pro Met

Gly Ala

Gly Gln

Asp Lys

80

Met
95

Lys

Thr Pro

Pro Met

Met His

Lys Gly

160

Thr
175

Ile
Phe Glu
Pro

Lys

Thr Lys

What is claimed is:

1. A method of inhibiting the binding of macrophage
migration inhibitory factor (MIF) on a cell comprising on the
surface an MHC class Il invariant chain (Ii) polypeptide, said
method comprising:

contacting said cell with an antagonist of MIF wherein said
antagonist is a recombinant polypeptide comprising a
MIF protein-binding fragment of the amino acid
sequence of SEQ ID NO:2, and wherein said cell is
present in a mammal suffering from a B cell cancer,
thereby inhibiting the binding of MIF to said Ii polypep-
tide.

2. A method according to claim 1 wherein said antagonist
is labeled with an antibody or fragment thereof.

50

55

60

3. A method according to claim 1 or 2, wherein said antago-
nist is administered to the mammal in a pharmaceutical com-
position.

4. A method according to claim 3, wherein said antagonist
is administered in an amount effective to treat the B cell
cancet.

5. A method according to claim 1, wherein said recombi-
nant polypeptide is a soluble form.

6. A method according to claim 5, wherein said soluble
form comprises amino acids 73-232 of SEQ ID NO: 2.

7. A method according to claim 5, wherein said soluble
form comprises amino acids 110-149 of SEQ ID NO: 2.

8. A method according to claim 1, wherein said cell is
present in a mammal suffering from a B-cell lymphoma.
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